A novel multilayered chemical vapor deposition ͑CVD͒ Ti/TiN structure was found to be a more effective diffusion barrier in Cu metallization than TiN alone. The Ti and TiN films were deposited by plasma enhanced CVD and low pressure CVD, respectively. In order to reduce the concentration of chlorine in the films, NH 3 plasma posttreatment was applied to multilayered CVD-Ti/TiN films. The resistivity of the film was reduced from 240 to 120 ⍀ cm using NH 3 plasma posttreatment. Cu was electroplated on the multilayered CVD-Ti/TiN films. X-ray diffraction patterns showed a small ͑002͒ peak and strong ͑111͒ peak from the Cu film. The leakage current was kept low during the device application test indicating the Ti/TiN film possessed an enhanced barrier property over the TiN film alone.
I. INTRODUCTION
Titanium nitride ͑TiN͒ is a commonly used material in integrated circuit ͑IC͒ technologies because of its refractory nature at elevated temperature, excellent mechanical, chemical, thermal inertness, and good resistance to corrosion. [1] [2] [3] These properties allow TiN to withstand the repeated thermal cycles used in multilevel metallization of IC devices, and make its continued use in sub-micron device technology highly desirable. However, as the device dimensions scaled down to the sub-micron level, the limitation of films produced by physical vapor deposition ͑PVD͒ has become apparent. Low pressure chemical vapor deposition ͑LPCVD͒ of TiN films provides excellent step coverage and uniformity, 4, 5 even for 0.5 m or smaller contact windows due to favorable surface controlled reactions.
In TiCl 4 /NH 3 based CVD-TiN process, the incorporation of chlorine ͑Cl͒ in the film is of major concern for long-term reliability of the finished devices. Suzuki et al. 6 reported that a high deposition temperature (Ͼ600°C͒ could reduce Cl concentration in conventional thermal CVD-TiN film. Hence, LPCVD TiN film can be used as a barrier layer between Si and Al interconnections. Furthermore, in order to reduce chlorine content of TiN films, an in situ NH 3 plasma posttreatment technique was applied. 7 As a result, the resistivity of TiN film can be reduced to 133 ⍀ cm by in situ NH 3 plasma posttreatment. A combination of multilayered Ti/TiN and plasma posttreatment technique was found to reduce the resistivity and concentration of chlorine in TiN films. 8 The grain structure of TiN film was found to be columnar. When the TiN film was used as a barrier layer, Al and Si would interdiffuse through the grain boundaries of the TiN film after annealing at elevated temperature. The diffusion of Al and Si through the barrier causes junction spiking. If the penetration of the Al is deeper than the junction depth below the contact, the junction will exhibit large leakage current or even become electrically shorted. On the other hand, Cu is poised to take over as the main on-chip conductor for all types of ICs. 9 Compared to Al, which is now used almost exclusively as the main interconnect material, Cu has a low resistance (Ͻ2 ⍀ cm͒. This lower resistance is critically important in high-performance microprocessors and fast static random access memory chips ͑RAMs͒, since it enables signals to move faster by reducing the so-called resistancecapacitance ͑RC͒ time delay. Recently, the electroplating technique was applied in copper metallization for ultralarge a͒ Electronic mail: tcchang@ndl.nctu.edu.tw scale integration ͑ULSI͒. 10 It has advantages of low processing cost, short processing time, and simple deposition facilities.
In the present work, a novel multilayered Ti/TiN structure was found to enhance the barrier property of TiN in Cu metallization. A multilayered Ti/TiN was grown using the CVD technique. To investigate the barrier property of the multilayered Ti/TiN films, junction leakage current was measured.
II. EXPERIMENTAL PROCEDURES
Single crystal, 15-25 ⍀ cm, 6-in.-diam, p-type ͑001͒ oriented silicon wafers were used in this work. The blank wafers were first chemically cleaned by a conventional wet cleaning process. After initial cleaning, the wafers were dipped in a dilute HF solution ͑HF/H 2 O, 1:50͒ immediately before loading into a deposition chamber. In addition, for the investigation of TiN/TiSi 2 and Ti/TiN as the diffusion barriers, the n ϩ -p diodes were fabricated on the Si substrate. After standard RCA cleaning, the wafers were thermally oxidized to grow a 550-nm-thick SiO 2 . These samples were followed with furnace annealing at 800°C for 20 min in N 2 and rapid thermal annealing ͑RTA͒ at 1050°C for 20 s. Prior to CVDTi/TiN deposition, the wafers were dipped in a dilute HF solution ͑HF/H 2 O, 50:1͒ for 1 min, followed by a 5 min de-ionized ͑DI͒ water rinse.
The base vacuum level of the CVD chamber was maintained to be better than 10 Ϫ6 Torr. Plasma-enhanced chemical vapor deposition ͑PECVD͒ Ti and LPCVD TiN were deposited on the Si substrate in sequence. Ti films were deposited by PECVD using TiCl 4 and H 2 as reactants and the total pressure was 5 Torr. The rf power was 500 W. On the other hand, TiN films were deposited by LPCVD using TiCl 4 and NH 3 as reactants and the total pressure was 20 Torr when LPCVD TiN film was deposited. All the films were deposited by CVD processed in a Materials Research Corporation ͑MRC͒ multichamber cluster tool. The substrate temperature during both Ti and TiN film growth was maintained at 630°C. The in situ NH 3 plasma posttreatment was applied to as-deposited multilayered Ti/TiN films. The rf power for the NH 3 plasma posttreatment was 500 W. The TiN/TiSi 2 /Si sample was used as a standard. Samples posttreated with ambient NH 3 for 30 s were designated as Scientific and Technical Directorate ͑STD͒ samples. In addition, the multilayered TiN/Ti/TiN/TiSi 2 /Si, TiN/Ti/TiN/Ti/TiN/TiSi 2 /Si, and TiN/Ti/TiN/Ti/TiN/Ti/TiN/TiSi 2 /Si samples posttreated with a NH 3 plasma for 300 s were designated as ͑I͒, ͑II͒ and ͑III͒ samples, respectively. The total thickness of these multilayered Ti/TiN films was the same as the STD samples. Multilayered Ti/TiN films were deposited by PECVD Ti and LPCVD TiN, respectively. The deposition times of PECVD Ti on Si and TiN films were 60 and 20 s, respectively.
A 50-nm-thick sputtered Al film seed layer was laid down before copper was electroplated on multilayered CVD-Ti/ TiN films. The seed layer was then activated with a Pd solution. 12 The activation was accomplished by simply immersing the samples in the activation solution for a few seconds. The samples were then rinsed in DI water before Cu deposition. The electroplating electrolyte was composed of CuSO 4 . 5H 2 O ͑150-200 g/l͒, H 2 SO 4 ͑60-120 g/l͒, HCl ͑50-120 ppm͒, and small amounts of addition agents. Addition agents for brightening, hardening, grain refining, surface smoothing, increasing the limiting current density, and reducing trees are frequently added to the acid copper sulfate bath. Thiourea ͑0.01-0.1 g/l͒ and molasses ͑0.1-0.2 g/l͒ were used as addition agents and polyethylene glycol ͑PEG͒ ͑50-100 ppm͒ as a wetting agent in this study. The values of applied electrical current were 40-100 mA. The Cu films were electroplated at room temperature.
Transmission electron microscopy ͑TEM͒ and X-ray diffraction ͑XRD͒ were applied to study the microstructure and crystalline orientation of the prepared samples. The morphology was studied with a field emission scanning electron microscope ͑FESEM͒. Auger electron spectroscopy ͑AES͒ was used to determine the stoichiometry and uniformity along the depth direction. Secondary ion mass spectrometry ͑SIMS͒ was employed to characterize the composition of prepared samples. Four-point probe was used to measure the resistivity of samples. The junction leakage current was measured by a HP-4145 tester. Figure 1 shows the resistivity of these multilayered samples as a function of the time of two different posttreatments. The resistivity of these samples decreased with the time of NH 3 postannealing and NH 3 plasma posttreatment. The resistivity of these films was reduced from 240 ⍀ cm to 130 ⍀ cm after NH 3 plasma treatment for 600 s. In situ NH 3 plasma posttreatment was found to be effective in reducing the resistivity of TiN films. 9 For the investigation of mutilayered CVD-Ti/TiN films, PECVD Ti and multilayered CVD-Ti/TiN were also deposited on the Si substrate in sequence. The substrate temperature during Ti and TiN film growth was also maintained at 630°C. A 9.5-nm-thick TiSi 2 thin film was formed during the deposition of PECVD Ti on Si. Then a 46-nm-thick mutilayered CVD-Ti/TiN thin film was deposited on TiSi 2 /Si. Both in situ NH 3 postannealing and in situ NH 3 plasma posttreatment for 300 s were carried out to reduce Cl and compensate N concentration in the multilayered CVD-Ti/TiN films. Figure 2 shows the resistivity of these samples as a function of the number of layers. The resistivity of these samples was decreased with the number of Ti/TiN layers. The resistivity of these multilayered CVDTi/TiN films can be reduced from 240 ⍀ cm ͑STD͒ to 120 ⍀ cm ͑III͒ with NH 3 plasma treatment for 300 s. Therefore, increasing the number of multilayered CVDTi/TiN films and the utilization of the plasma post-treatment technique contributed to the reduction in the resistivity of TiN films.
III. RESULTS AND DISCUSSION
The interfaces of TiN/TiSi 2 /Si structure treated by NH 3 plasma for 600 s are seen to be rather smooth in crosssectional transmission electron microscopy ͑XTEM͒ images. The average grain size of TiN film was measured to be about 20 nm. For multilayered CVD-Ti/TiN films, a XTEM image of TiN/Ti/TiN/Ti/TiN/Ti/TiN/TiSi 2 /Si sample ͑sample III͒ treated by an in situ NH 3 plasma post-treatment for 300 s shows that the interfaces of Ti/TiN/TiSi 2 /Si are also rather smooth. An example is shown in Fig. 3 . However, the interfaces of multilayered Ti/TiN in TiN films are not distinct in the XTEM images. It is believed that Ti atoms are distributed fairly uniformly by fast diffusion in TiN films. The average grain size of multilayered CVD-Ti/TiN film was about 20 nm. A plan view micrograph is shown in Fig. 4 .
From the AES depth profile, the concentration of Cl in the CVD-TiN/TiSi 2 /Si sample after NH 3 ambient posttreatment for 30 s was found to be about 3 at. %. Therefore, the STD sample had a high value of resistivity (ϳ240 ⍀ cm͒ which is attributed to the presence of a high density of Ti-Cl bonds in the TiN films. Figure 5 shows the AES depth profile of TiN/Ti/TiN/Ti/TiN/Ti/TiN/TiSi 2 /Si sample after NH 3 plasma posttreatment for 300 s. The concentration of Cl in the sample was found to be about 1.6 at. %, which was lower than that of the STD sample. A previous study showed that chlorine content in excess of 5 at. % would degrade metal reliability and increase the resistivity of the TiN film. 9 Therefore, the reduction in Cl content would minimize corrosion of the subsequently deposited Al film. The distribution of TiϩN was found to be fairly uniform in the TiN/Ti/TiN/Ti/ TiN/Ti/TiN/TiSi 2 /Si samples by AES measurement. For Cu electroplating, a 50-nm-thick sputtered Al film was used as a seed layer on the multilayered Ti/TiN films. However, the seed layer cannot be electroplated directly in this study because it will be dissolved in acidic copper electroplating solution. Therefore, the seed layer had to be activated by a Pd solution before proceeding to copper electroplating. 11 The values of applied electrical current were 40-100 mA. A small ͑002͒ peak and strong ͑111͒ peak of Cu film are clearly seen in XRD pattern when applied electrical currents were 50, 80 and 100 mA. Examples are shown in Fig. 7 . Stronger Cu ͑111͒ peak was observed by using higher electrical current. On the other hand, increasing deposition time also leads to stronger Cu ͑111͒ when applied electrical current was fixed, as shown in Fig. 8 . The evolution of crystal growth orientation of the copper electroplating can be explained by considering surface energy and strain energy of different crystal planes. It is believed that the deposition rate of copper electroplating can be accelerated in the initial stage because the surface of the seed layer is activated by Pd. Therefore, the Cu ͑002͒ plane was found to be present owing to the possession of the lowest surface among all crystal planes. As the film thickness and applied electrical current were increased, the strain energy became dominant during grain growth. As a result, stronger Cu ͑111͒ was found to be present in samples as the thickness and applied electrical current increased. The electromigration resistance of copper lines was previously reported to be strongly influenced by the copper texture similar to Al lines. 12 Stronger Cu ͑111͒ can improve electromigration resistance effectively. Figure 9 reveals the AES depth profile of electroplated Cu/seed layer/ multilayered Ti/TiN sample. The concentration of O in the sample was found to be rather low. Therefore, oxidation of Cu or the seed layer in the samples can be minimized. The seed layer was not dissolved in Cu electroplating solution. However, the surface of as-deposited copper film appeared to be rather rough which resulted in the increase in resistivity to 2.34 ⍀ cm. Bright and smooth copper film surface can be achieved by chemical mechanical polishing ͑CMP͒ technology. The p-n junctions are basic building blocks of current semiconductor technology, and when they fail to perform properly, production yields suffer. The leakage current of n ϩ -p junctions is the most sensitive and also the most relevant test to ascertain the effectiveness of the diffusion barrier. The diffusion of Al and Si through the barrier would gradually cause the decrease of junction depth. Si ͑sample II͒ contact systems that were annealed at 400-600°C for 30 min in N 2 ambient. From Fig.  10 , after annealing at 575°C for 30 min, contact systems using TiN/TiSi 2 as barrier layer exhibited large leakage current which indicated that the diffusion of Al and Si through the barrier occurred. The grains of the TiN films were of columnar structure which facilitates fast diffusion. Figure 11 shows that the leakage current is significantly improved by the multilayered Ti/TiN film with NH 3 plasma posttreatment after annealing at 585°C for 30 min compared with a PVDTiN barrier. As a result, the multilayered CVD-Ti/TiN structure is effective in enhancing the barrier property because the very thin layer of PECVD Ti deposited on TiN may stuff the grain boundaries of the TiN film and thus retard Al/Si interdiffusion.
IV. CONCLUSIONS
The resistivity of the multilayered CVD-Ti/TiN films can be reduced from 240 ⍀ cm ͑standard sample͒ to 120 ⍀ cm with NH 3 plasma posttreatment for 300 s. Increasing the number of Ti/TiN layers in the multilayered CVD-Ti/TiN films and use of the plasma posttreatment technique contributed to the reduction in the resistivity of the TiN films. Smooth multilayered Ti/TiN films were observed in XTEM images. The content of chlorine in the multilayered CVD-Ti/ TiN film was 1.6 at. %. The low Cl content can minimize corrosion in subsequent metal film ͑Al or Cu͒. SIMS depth profiles of the multilayered Ti/TiN sample showed that Ti atom distribution is fairly uniform. Cu film was electroplated on the multilayered CVD-Ti/TiN films. A small ͑002͒ peak and strong ͑111͒ peak of Cu were seen in the XRD pattern. The evolution of crystal growth orientation of the copper electroplating can be explained by considering surface energy and strain energy of different crystal planes. The leakage current is significantly improved by the multilayered CVD-Ti/TiN film with NH 3 plasma posttreatment after annealing at 585°C for 30 min compared with a PVD-TiN barrier. Multilayered CVDTi/TiN structure is effective in enhancing the barrier property since the very thin layer of PECVD Ti deposited on TiN may stuff the grain boundaries of the TiN film to retard metal/Si interdiffusion.
